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SPECIFICATION 



CERIUM BASED COMPOSITE OXIDE, SINTERED PRODUCT THEREOF AND 
METHOD FOR PREPARATION THEREOF 

5 

FIELP OF ART 

The present invention relates to cerium based 
composite oxides that may be used for ceramic materials 
functioning as an electrolyte in electrochemical devices 

10 such as sensors, solid oxide fuel cells (SOFC) , and the 
like, and to sintered products of the composite oxides, 
and methods for producing the composite oxides* 
BACKgRQUNP AfiT 

Cerium based composite oxides in the form of fine 

15 spherical particles have been in use as ceramic materials 
utilizing cerium based composite oxides- Such fine 
spherical particles are conventionally known to be 
prepared by precipitation or hydrothermal synthesis. An 
example of the precipitation method reported is a method 

20 wherein precipitate of cerium based composite salt is 

obtained by copr ecipitation, separated by filtration, and 
calcined to obtain. a oxide powder material ( JP-8-169713-A) . 
An example of the hydrothermal synthesis proposed is a 
method wherein precipitate of a cerium based composite salt 

25 is processed at high temperature under high pressure to 
synthesize fine spherical particles. 

As far as the primary particles are concerned, both 
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the coprecipitation and hydrothermal synthesis mentioned 
above are capable of providing fine spherical powders. 
However, the fineness of the powders causes difficulties 
in washing and filtration in the powder production process , 
resulting in remarkable aggregation of the oxide powders 
and a disadvantageously broad particle size distribution. 
Further, the hydrothermal synthesis involves processing 
at high temperature under high pressure in a pressure 
vessel such as an autoclave, so that the industrial 
productivity is low, and the production cost is high. In 
addition, when the powders with a broad particle size 
distribution are directly used as ceramic materials, the 
powders cause problems in processibility and 
sinterability, such as cracks in molding or sintering, and 
insufficient density of sintered products. Thus such 
powders with a broad particle size distribution requires 
pre-treatments such as grinding, dispersing, or sieving, 
before use as ceramic materials, which increases the 
process steps in the ceramics production and adds to the 
production cost. 

On the other hand, JP-8-169713-A discloses a highly 
sinterable cerium based composite oxide that provides a 
sintered product having a relative sintering density of 
98 . 6 % at a sintering temperature of 1450 "^C. However, 
the raw material powders have a broad particle size 
distribution and include coarse particles, so that the 
powders cannot be molded homogeneously and densely. This 



causes generation of voids in the molded body, which cannot 
be eliminated during sintering. Thus densely sintered 
products having a relative sintering density of not lower 
than 99 % have not been obtained. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide 
a cerium based composite oxide composed of particular 
acicular particles, which is hard to form particle 
aggregates, and provides a highly sinterable ceramic 
material . 

It is another object of the present invention to 
provide a cerium based composite oxide that does not have 
a broad particle size distribution, that is inhibited from 
forming particle aggregates, and is excellent in 
sinter ability . 

It is yet another object of the present invention to 
provide a method for preparing the above-mentioned cerium 
based composite oxide readily and conveniently. 

It is still another object of the present invention 
to provide a sintered product of cerium based composite 
oxide that has an extremely high relative sintering 
density. 

In order to achieve the above objects, the present 
inventors have made intensive researches to find out that 
a cerium based composite oxide having a sharp particle size 
distribution that has never been achieved conventionally, 
may be obtained by heat-treating precipitate of a cerium 



based composite salt without using a pressure vessel such 
as an autoclave in the production process thereof^ and that 
the cerium based composite oxide having such a sharp 
particle size distribution can achieve the above objects, 
5 to thereby completing the present invention. 

According to the present invention, there is provided 
a cerium based composite oxide comprising: 

0.1 to 50 mol% of at least one metal selected from the 
group consisting of yttrium, scandium, and rare earth 
10 elements excluding cerium and promethium, in terms oxides, 
and 

50 to 99.9 mol% of cerium in terms of oxides, 

wherein said composite oxide is in a form of acicular 
primary particles having an average aspect ratio 
15 (length/width) of 1.05 to 10.0 (referred to as composite 
oxide (1) hereinbelow) . 

According to the present invention, there is also 
provided a cerium based composite oxide in a form of 
secondary particles consisting of aggregates of the above 
20 primary particles of the cerium based composite oxide, and 
having an average aspect ratio of 5.0 to 40.0 (referred 
to as composite oxide (2) hereinbelow). 

According to the present invention, there is further 
provided a cerium based composite oxide comprising the 
25 above primary particles of the cerium based composite oxide 
and the above secondary particles of the cerium based 
composite oxide, and having a BET specific surface area 



of 5 to 40 m^/g, an average particle size of 0.1 to 0.5 
|am, and a particle size distribution expressed by a 
particle size distribution index represented by the 
following formula (1) of not higher than 1.6: 
Particle Size Distribution Index 

= (D84-D16) / (2xD50) ... (1) 
wherein D16, D50, and D84 each stands for an accumulated 
particle size of top 16%, 50%, and 84% particles from the 
finest (referred to as composite oxide (1-2) hereinbelow) . 

According to the present invention, there is also 
provided a method for preparing composite oxide (1-2) 
comprising the steps of: 

(A) adding alkali to a cerium salt-containing mixed 
solution containing 0.1 to 50 mol% salt of at least one 
metal selected from the group consisting of yttrium, 
scandium, and rare earth elements excluding cerium and 
promethium and 50 to 99.9 mol% cerium salt to obtain a 
precipitate slurry of cerium based composite salt, 

(B) introducing 0.1 to 1.0 mol carbonate ions per 1 
mol of rare earth elements in the precipitate slurry, and 
heat-treating the precipitate slurry under atmospheric 
pressure at 40 to 100 °C to prepare precipitate of carbonate 
ion-containing cerium based composite salt, 

(C) calcining the precipitate at 600 to 1000 ""C to 
obtain calcined powders, and 

(D) grinding the c^cined powders. 

According to the present invention, there is further 



provided a green compact molded by pressing composite oxide 
(1-2). 

According to the present invention, there is also 
provided a sintered product of the green compact, having 
5 a relative sintering density of not lower than 99 %, and 
an average grain size of the primary grains in the sintered 

product. _of-.-0..-8_t.O-^3. ..0_. |im 

According to the present invention, there is further 
provided a method of producing the above sintered product 
10 comprising sintering the green compact at 1150 to 1400 °C. 
Brief Description of the Drawings 

Fig. 1 is a copy of a SEM image of a sintered product 
prepared in Example 5 at a magnification of xlOOOO. 

Fig. 2 is a copy of a SEM image of a sintered product 
15 prepared in Comparative Example 10 at a magnification of 
XlOOOO. 

Fig. 3 is a graph showing the results of measurement 
of the relationship between the temperature and the 
shrinkage percentage of the green compact taken in Example 
20 29. 

Fig. 4 is a graph showing the results of measurement 
of the relationship between the temperature and the 
shrinkage percentage of the green compact taken in 
Comparative Example 29. 
25 PREFERRED EMBODIMENTS OF THE INVENTION 

The present invention will now be explained in detail. 

Composite oxide (1) according to the present invention 
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is primary particles containing at least one metal selected 
from the group consisting of yttrium, scandium, and rare 
earth elements excluding cerium and promethium (referred 
to as non^cerium metal (M) hereinbelow) and cerium at a 
particular ratio, and having a particular acicular shape. 

In composite oxide (1) particles of the present 
invention, the content of non-cerium metal (M) is 0.1 to 
50 mol%, preferably 5 to 40 mol%, more preferably 10 to 
20 mol% in terms of oxides, whereas the content of cerium 
is 50 to 99.9 mol%, preferably 60 to 95 mol%, more 
preferably 80 to 90 mol% in terms of oxides. With less 
than 50 mol% cerium, the fluorite crystal structure cannot 
be maintained, whereas with over 99.9 mol% cerium, 
sufficient amount of vacancy for the oxide ions required 
for electrical conductivity cannot be formed. 

The form of the particles of composite oxide (1) of 
the present invention is acicular, with the average aspect 
ratio of the particles being 1.05 to 10.0, preferably 1.05 
to 7, more preferably 1 . 5 to 5 . 0 . If the average aspect 
ratio is less than 1.05, remarkable aggregation of the 
particles occurs, whereas if over 10.0, the particle size 
distribution becomes broad. Here, the "acicular" 
particles mean to include elliptical particles. 

The composite oxide (2) of the present invention is 
secondary particles consisting of aggregates of the 
primary particles, composite oxide (1)/ and having the 
aspect ratio of 5.0 to 40.0. 



As used herein, the aspect ratio may be obtained from 
a TEM image. For example, the aspect ratio of the primary 
particles may be determined by measuring the length and 
width of 10 particles in aggregates observed in a TEM image 
5 of xSOOOO magnification taken under a transmission 

electron microscope (manufactured by JEOL LTD., Model 
1200EX) , and measuring the average aspect ratio. The 
aspect ratio of the secondary particles may be determined 
by measuring the aspect ratio of the aggregates. 

10 Composite oxide (1-2) of the present invention 

contains the above composite oxides (1) and (2). 
Composite oxide (1-2) has a BET specific surface area of 
5 to 40 m^/g, an average particle size of 0.1 to 0.5 \xm 
measured by- laser diffraction, and a particle size 

15 distribution expressed by a particle size distribution 
index represented by the formula (1) of not higher than 
1.6, preferably 0 to 1 . 0 : 

Particle Size Distribution Index 

= (D8 4-D16) /(2xD50) ... (1) 
20 In formula (1), D16, D50, and D84 each stands for an 

accumulated particle size of top 16%, 50%, and 84% 
particles from the finest. 

Here, the average particle size means that of the 
secondary particles, which are aggregates of the primary 
25 particles. 

If the BET specific surface area of composite oxide 
(1-2) is less than 5 m^/g, the surface area is too small 



'J) *■ 

to activate and promote sintering, and high densif ication 
cannot be achieved. If the BET specific surface area is 
over 4 0 m^/g, cracking and peeling may occur during molding . 
Further, if the average particle size of the acicular 
particles is less than 0.1 \xm, the particles aggregate 
remarkably, leading to cracking and peeling during molding, 
whereas if the average particle size is over 0.5 |im, 
elements of the particles may not be dispersed sufficiently 
upon sintering, and high densif ication may not be achieved. 
If the particle size distribution index exceeds 1.6, the 
powders cannot be packed sufficiently upon molding, and 
high densif ication may not be achieved. 

The particles of composite oxide (1-2) of the present 
invention, due to their excellent particle uniformity, has 
good moldability and may be packed uniformly, so that a 
densely sintered product may be obtained at lower 
temperatures . For example, a green compact to be made into 
a preferred sintered product to be discussed later may be 
obtained by pressing composite oxide (1-2) of the present 
invention under a pressure of 20 to 100 MPa , The green 
compact may preferably complete shrinkage by heating at 
a heating rate of 5 °C/min up to 1300 ""C. 

The sintered product of the present invention is a 
sintered product of the green compact mentioned above, and 
has a relative sintering density of not lower than 99%, 
and an average grain size of the primary grains in the 
sintered product of 0 . 8 to 3 . 0 |Lim. The relative sintering 



density may be obtained from the actual density and the 
calculated density in accordance with the formula (2): 
Relative sintering density (%) 

= lOOx [actual density (g/cm^) /calculated density 
5 (g/cm") ] ... (2) 

The actual density may be determined by first measuring, 
with a micrometer, the length, width, and height of a 
rectangular parallelepiped sample after sintering, taking 
the weight of the sample, and calculating in accordance 
10 with the formula (3) : 

Actual density (g/cm^) 

= sample weight (g)/ (length (cm)xwidth (cm) xheight 
(cm)) ...(3) 

The calculated density may be determined by first 
15 calculating the lattice parameters of the cubic fluorite 
structure from the XRD pattern of a powdered, sintered 
product, and calculating in accordance with the formula 
(4) : 

Calculated density (g/cm^) = 2A/(axbxcxN) ...(4) 
20 In the formula, SA represents the mass of all the atoms 

in the unit lattice, and a, b, and c each stands for a 
lattice parameter, and N stands for an Avogadro' s constant 

(6.022045 X 10" mol'M . 

Composite oxide (1-2) of the present invention may be 
25 prepared by any method as long as the particular acicular 
particles are obtained, but the method according to the 
present invention discussed below is preferred. 



According to the present method, step (A) is first 
carried out, wherein alkali is added to a cerium salt- 
containing mixed solution containing 0.1 to 50 mol% salt 
of non-cerium metal (M) , and 50 to 99.9 mol% cerium salt 
5 to obtain a precipitate slurry of cerium based composite 
oxide • 

The total concentration of the cerium salt and the 
salts of non-cerium metal (M) together in the cerium 
salt-containing mixed solution used in step (A) is 

10 preferably 0.1 to 1.0 mol/L, more preferably 0.3 to 0.7 
mol/L. At less than 0.1 mol/L, the resulting particles 
aggregate, the particle size distribution index exceeds 
1.6, the sinterability may be inhibited, and the 
productivity is lowered, thus not being preferred. On the 

15 other hand, at over 1.0 mol/L, the particles grow to form 
large primary particles, and the sinterability of the 
resulting particles may be inhibited. 

The alkali used in step (A) is not particularly limited 
as long as it precipitates the cerium based composite salt, 

20 and may preferably be one or more alkali selected from the 
group consisting of ammonia, amjtionium carbonate, ammonium 
hydrogencarbonate, sodium carbonate, and sodium 
hydrogencarbonate . The alkali may be added usually in the 
form of an aqueous solution. 

25 The concentration of the aqueous solution of alkali 

is preferably 0.3 to 2.0 mol/L, more preferably 0.9 to 1.9 
mol/L. At a concentration of less than 0.3 mol/L, the 
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resulting particles aggregate to cause the particle size 
distribution index to exceed 1.6, the sinterability may 
be inhibited, and the productivity is lowered. On the 
other hand, . at a concentration of over 2.0 mol/h, the 
5 particles grow to form large primary particles, and the 
sinterability of the particles is inhibited. 

In the method of the present invention, next, step (B) 
is performed wherein 0.1 to 1 . 0 mol, preferably 0.2 to 0.5 
mol carbonate ions per 1 mol of the rare earth elements 

10 in the precipitate slurry is introduced into the 

precipitate slurry of cerium based composite salt obtained 
in step (A) , and the precipitate slurry is heat-treated 
under atmospheric pressure at a particular temperature to 
prepare precipitate of carbonate ion-containing cerium 

15 based composite salt. 

In step (B) , the slurry containing a particular amount 
of carbonate ions is heat-treated under atmospheric 
pressure, so that the size of the resulting particles may 
be made uniform, the desired acicular particles may be 

20 synthesized selectively, and the particle size 
distribution may be made sharp. 

If the content of the carbonate ions is less than 0.1 
mol per 1 mol of the rare earth elements in the slurry, 
the particle size distribution index of the resulting 

25 composite oxide particles exceeds 1.6, with a broad 
particle size distribution, and larger particles 
disadvantageously inhibit sintering. On the other hand, 
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if the content exceeds 1.0 itiol, the resulting composite 
oxide particles have an aspect ratio of over 10.0, which 
dis advantageously inhibit sintering . 

The carbonate ions may usually be introduced in the 
form of an alkaline aqueous solution. Such an alkaline 
aqueous solution containing carbonate ions may be, for 
example, one or more aqueous solutions selected from the 
group consisting of aqueous solutions of ammonium 
carbonate, ammonium hydrogencarbonate , sodium carbonate, 
and sodium hydrogencarbonate. 

In step (B) , the carbonate ions are introduced into 
the slurry, and the slurry is heat-treated under 
atmospheric pressure at 40 to 100 ®C, preferably 70 to 90 
®C under reflux, to thereby prepare precipitate of 
carbonate ion-containing cerium based composite salt. If 
the temperature of the heat-treatment is lower than 40^C, 
the particle size distribution index of the resulting 
particles exceeds 1.6, with a broad particle size 
distribution. If the temperature exceeds 100 ^C, the 
resulting particles take the form of fine spheres, which 
inevitably aggregate to make the particle size 
distribution broad. Further, the duration of the heat 
treatment is preferably 1 to 10 hours. With less than 1 
hour of heat treatment, growth of the acicular particles 
may not be sufficient. With over 10 hours of heat 
treatment, the resulting particles take a fine and 
spherical form, and the particle size distribution becomes 



broad, thus not being preferred. 

The reflux is necessary for keeping the concentration 
of the slurry constant during the heat treatment to 
synthesize uniform particles . Incidentally, if this heat 
5 treatment is performed in a pressure vessel under pressure, 
the resulting particles take the form of fine spheres, 
which inevitably aggregate to make the particle size 
distribution broad. Thus the heat treatment must be 
performed under atmospheric pressure. 

10 In the method of the present invention, next, step (C) 

of calcining the precipitate obtained in step (B) at a 
particular temperature to obtain calcined powders, and 
step (D) of grinding the calcined powders, are carried out, 
to thereby obtain the objective composite oxide (1-2). 

15 In step (C) , the calcining of the precipitate obtained 

in step (B) may be carried out, for example, by subjecting 
the heat-treated product obtained in step (B) to filtration, 
and calcining the obtained filter cake in atmosphere at 
600 to 1000 °C. If the calcining temperature is lower than 

20 600 ®C, the precipitate of cerium based composite salt is 
not decomposed completely, resulting in a mixture of oxides 
and the precipitate of cerium based composite salt. If 
the calcining temperature is over 1000 °C, the calcining 
results in aggregation of the particles, so that the 

25 objective composite oxide (1-2) cannot be obtained. 

Preferred duration of the calcining is usually 1 to 10 
hours. 
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In step (D) , the grinding may be carried out, for 
example, using a mortar for 5 minutes to 1 hour. 

The sintered product according to the present 
invention may be obtained by sintering the green compact 
5 mentioned above at 1150 to 1400 *^C. The duration of the 
sintering is usually 1 to 10 hours. If the duration of 
sintering is too long, growth of the primary grains in the 
sintered product proceeds, and it becomes difficult to 
control the average grain size to fall within the desired 

10 range. In general, when ceramics are sintered at a high 
temperature, the density is increased while the grains grow. 
Ceramics are composed of grains and grain boundaries, so 
that the growth of the grains means increase in the grain 
part, and decrease in the grain boundaries. It is 

15 conventionally said that decrease in the grain boundaries 
lowers the mechanical strength of the ceramics. However, 
in the sintered body of the present invention, such 
lowering in mechanical strength may sufficiently be 
controlled . 

20 Since the cerium based composite oxides of the present 

invention have excellent sinterability , they are quite 
useful as ceramic material powders and the like functioning 
as an electrolyte in electric devices. 

Further, with the methods of the present invention, 

25 such cerium based composite oxides of the present invention 
as well as sintered products thereof may easily be prepared 
at a low cost, which is quite advantageous for production 

15 



in the industrial scale. 
Examples 

The present invention will now be explained in more 
detail with reference to Examples and Comparative Examples, 
5 but the present invention is not limited to these. 
Example 1 

An aqueous solution of cerium nitrate (manufactured 
by RHOPIA ELECTRONICS AND CATALYSIS, containing 2.5 mol/L 
cerium in terms of cerium oxide) and an aqueous solution 
10 of gadolinium nitrate (manufactured by RHODIA ELECTRONICS 
AND CATALYSIS, containing 2.0 mol/L gadolinium in terms 
of gadolinium oxide) were mixed at a ratio of Ce02 : GdOi.s 
= 90 : 10 (molar ratio) in terms of oxides, to prepare a 

mixed solution. This mixed solution Ceo.gGdo 1O2.8 
15 (equivalent to 100 g) was diluted with pure water to prepare 
a 0.3 mol/L starting solution. 

Next, 2.0 L of a separately prepared 75g/L aqueous 
solution of ammonium hydrogencarbonate was added to the 
starting solution under stirring at 25 ""C to prepare a 
20 precipitate slurry of cerium-gadolinium composite salt. 
To this precipitate slurry, 0 . 1 L of a lOOg/L aqueous 
solution of ammonium hydrogencarbonate was added, and 
heat-treated in a flask equipped with a reflux condenser 
under atmospheric pressure at 100 °C for 3 hours. Then 
25 filtration and washing were repeated 10 times, using 500 
mL of pure water per washing. The obtained precipitate 
was calcined in atmosphere at 700 ""C for 5 hours, and 
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ground in an automatic mortar for 15 minutes, to thereby 
obtain 100 g of CBq. 9Gdo.i02-5 powders. The composition of 
the obtained powders was confirmed using an ICP emission 
spectrophotometer (SPS-llOOEX) manufactured by SEIKO 
5 INSTRUMENTS, INC. 

A TEM image (with an apparatus manufactured by JEOL 
LTD., model 1200 EX), the average particle size (with an 
apparatus manufactured by HORIBA, LTD., LA-920) , and the 
BET specific surface area (with an apparatus manufactured 

10 by QUANTACHROME, model NOVA 2000) of the obtained powders 
were taken. Further, 30 particles out of the particles 
observed in the TEM image at the magnification of xlOOOOO 
were measured for length and width, to determine the 
average aspect ratio (length/width) of the primary 

15 particles, and the average aspect ratio of the secondary 
particles, which are aggregated particles. The results 
are shown in Table 1 . 
E;?^ample 2-4 

100 g of the objective cerium based composite oxide 
20 powders were prepared in the same way as in Example 1, 
except that the mixed solution was prepared by mixing an 
aqueous solution of cerium nitrate (containing 2.5 mol/L 
cerium in terms of cerium oxide), an aqueous solution of 
gadolinium nitrate (containing 2.0 mol/L gadolinium in 
25 terms of gadolinium oxide) , and an aqueous solution of 
samarium nitrate (containing 2.0 mol/L samarium in terms 
of samarium oxide) (all manufactured by RHODIA ELECTRONICS 



AND CATALYSIS) at a molar ratio in terms of oxides as shown 

in Table 1. The obtained powders were subjected to the 

same measurements as in Example 1. The results are shown 

in Table 1. 

Comparative Example 1 

The aqueous solution of cerium nitrate and the aqueous 

solution of gadolinium nitrate used in Example 1 were mixed 

at a ratio of CeOg : GdOi.5 = 90 : 10 (molar ratio) in terms 

« 

of oxides, to thereby prepare a starting solution 

Ceo.gGdo.iOa-s (equivalent of 100 g) . 

Then 0.6 L of a separately prepared 160g/L aqueous 
solution of ammonium carbonate was added to the starting 
solution and reacted, to obtain precipitate of composite 
salt. The obtained precipitate was immediately subjected 
to filtration, dried at 150 ''C for 20 hours, and then 
calcined at 900 for 3 hours. The resulting calcined 
product was ground in an automatic mortar for 15 minutes 
to obtain CBq^s^^o. 1^2-6 powders. The obtained powders were 
subjected to the same measurements as in Example 1. The 
results are shown in Table 1. 
Comparative Examples 2-4 

100 g of cerium based composite oxide powders were 
prepared in the same way as in Comparative Example 1, except 
that the starting solution was prepared by mixing an 
aqueous solution of cerium nitrate (containing 2.5 mol/L 
cerium in terms of cerium oxide), an aqueous solution of 
gadolinium nitrate (containing 2.0 mol/L gadolinium in 

18 



terms of gadolinium oxide), and an aqueous solution of 
samarium nitrate (containing 2.0 mol/L samarium in terms 
of samarium oxide) (all manufactured by RHODIA ELECTRONICS 
AND CATALYSIS) at a molar ratio in terms of oxides as shown 
5 in Table 1. The obtained powders were subjected to the 
same measurements as in Example 1, The results are shown 
in Table 1. 
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E;^ ample 5 

1 g of the powders prepared in Example 1 was uniaxially 
pressed in a rectangular parallelepiped mold 
(manufactured by POWER APPLIED JAPAN CO., LTD., having a 
5 pressure surface of 14 mm x 7 mm) under a pressure of 100 
MPa to obtain a green compact. This green compact was 
heated at a heating rate of 5 ^'C/min up to 1150 °C, and 
sintered at 1150 °C for 1 hour. After the interior 
temperature of the electric furnace was allowed to cool 

10 close to the room temperature, the sintered product was 
taken out, and the size and weight of the rectangular 
parallelepiped sample were measured to determine the 
density. The size was measured with a micrometer. The 
results are shown in Table 2 . Further, a SEM (manufactured 

15 by JEOL LTD., JSM-T200) image of the obtained sintered 
product was taken at a magnification of xlOOOO . The result 
is shown in Fig. 1. 

From Fig. 1, it is understood that the grain size of 
the primary grains in the sintered product obtained by the 

20 sintering at 1150 "^C was 0.1 to 0.25 |im. 
Examples 6 to IQ 

The sintering and measurements were performed in the 
same way as in Example 5, except that the heating up to 
1150 ^'C and the sintering at 1150 ""C were carried out at 

25 the temperature show in Table 2. The results are shown 
in Table 2. 
g^ajnples 11 to 16 



A rectangular parallelepiped sample was prepared by 
sintering, and measurements thereof were made in the same 
way as in Example 5, except that 1 g of the powders prepared 
in Example I'.was replaced with 1 g of the powders prepared 
5 in Example 2, The results are shown in Table 2. 

gx^mpJles 17 to 22 

A rectangular parallelepiped sample was prepared by 

sintering, and measurements thereof were made in the same 

way as in Example 5, except that 1 g of the powders prepared 
10 in Example 1 was replaced with 1 g of the powders prepared 

in Example 3. The results are shown in Table 2. 

Examples 23 to 28 

A rectangular parallelepiped sample was prepared by 

sintering, and measurements thereof were made in the same 
15 way as in Example 5, except that 1 g of the powders prepared 

in Example 1 was replaced with 1 g of the powders prepared 

in Example 4. The results are shown in Table 2. 

Compara tive Examples 5 to 10 

A rectangular parallelepiped sample was prepared by 
20 sintering, and measurements thereof were made in the same 

way as in Example 5, except that 1 g of the powders prepared 

in Example 1 was replaced with 1 g of the powders prepared 

in Comparative Example 1. The results are shown in Table 

2. 

25 Further, a SEM (manufactured by JEOL LTD., JSM-T200) 

image of the sintered product obtained in Comparative 
Example 10 was taken at a magnification of xlOOOO. The 



result is shown in Fig. 2. 

From Fig. 2, it is understood that the grain size of 
the primary grains in the sintered product obtained by the 
sintering at 1400 was 0.9 to 1.2 \xm. 
5 Comparative Examples 11 to 16 

A rectangular parallelepiped sample was prepared by 
sintering, and measurements thereof were made in the same 
way as in Example 5, except that 1 g of the powders prepared 
in Example 1 was replaced with 1 g of the powders prepared 
10 in Comparative Example 2. The results are shown in Table 
2. 

Comparat ive Examples 17 to 22 

A rectangular parallelepiped sample was prepared by 
sintering, and measurements thereof were made in the same 
15 way as in Example 5, except that 1 g of the powders prepared 
in Example 1 was replaced with 1 g of the powders prepared 
in Comparative Example 3. The results are shown in Table 
2 . 

Comparative lExampJ-es 23 to 28 

20 A rectangular parallelepiped sample was prepared by 

sintering, and measurements th^rej^f^were made in the same 
way as in Example 5, except that 1 g of the powders prepared 
in Example 1 was replaced with 1 g of the powders prepared 
in Comparative Example 4. The results are shown in Table 

25 2 . 
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E;>^ ample 29 

1 g of the powders prepared in Example 1 was uniaxially 
pressed in a rectangular parallelepiped mold 
(manufactured by POWER APPLIED JAPAN CO., LTD., having a 
5 pressure surface of 14 mm x 7 mm) under a pressure of 100 
MPa to obtain a green compact. This green compact was 
heated at a heating rate of 5 °C/min up to 1600 ^C, and 
the shrinkage percentage of the green compact was measured 
with TMA-8310 manufactured by RIGAKU CORPORATION. The 
10 results are shown in Fig. 3. From Fig. 3, it is understood 
that the shrinkage of this green compact completed at 1300 
^C. 

Comparative Example 29 

1 g of the powders prepared in Comparative Example 1 

15 was uniaxially pressed in a rectangular parallelepiped 
mold (manufactured by POWER APPLIED JAPAN CO. , LTD., having 
a pressure surface of 14 mm x 7 mm) under a pressure of 
100 MPa to obtain a green compact. This green compact was 
heated at a heating rate of 5 °C/min up to 1600 °C, and 

20 the shrinkage percentage of the green compact was measured 
with TMA-8310 manufactured by RIGAKU CORPORATION. The 
results are shown in Fig . 4. From Fig. 4, it is understood 
that the shrinkage of this green compact did not complete 
at 1300 ''C, but completed at about 1500 °C. 
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